Abstract-The special sensor ultraviolet limb imager was developed by the U.S. Naval Research Laboratory and is deployed on the Defense Meteorological Satellite Program (DMSP) F16 polar-orbiting spacecraft. The instrument is experiencing a level of noise that is, at times, interfering with its proper operation. The noise is correlated with the spacecraft chassis potential. The potentials about DMSP and the resulting ionospheric current entering the instrument were computed to determine if the noise could be due to this current. In order to obtain results of sufficient accuracy, it is necessary to use a reverse trajectory technique that effectively integrates over the thermal distribution of incident ions. The reverse trajectory technique is described in detail. Once the resistance between the mirror surface and the chassis is taken into account, the current computed using this approach shows the same dependence on the chassis potential as the observed noise, which supports the conjecture that ionospheric ions are responsible for the noise.
I. INTRODUCTION
T HE SPECIAL Sensor Ultraviolet Limb Imager (SSULI) [1] - [4] was developed by the U.S. Naval Research Laboratory (NRL) and is deployed on Defense Meteorological Satellite Program (DMSP) F16. DMSP F16 was launched into an 830-km sun-synchronous polar orbit on October 18, 2003 . The SSULI ultraviolet spectrograph assembly is shown in Figs. 1 and 2. Ultraviolet photons enter the instrument, are reflected by the mirror, and then pass through the collimator. They are then reflected by diffraction grating and enter the microchannel plate detector. The windowless detector is countrate-limited, and a loss of gain is expected over time. The collimator is biased by +13.5 V with respect to the spacecraft chassis to repel ions. The instrument is experiencing a level of noise that is, at times, interfering with its proper operation. We were provided with the information shown in Table I ; noise is observed for chassis potentials between approximately −4 and −16 V. While data processing techniques are being employed to allow the instrument to achieve its objectives, an understanding of the cause of the noise would allow its elimination on future instruments. A number of mechanisms from problems with the electrical system to trapped gas pressure were proposed. Here, we focus on the conjecture that ionospheric ram oxygen ions, with a mean energy of 4.6 eV, enter the instrument through the light path and generate a signal on impact with the detector. This conjecture is supported by the fact that the detector opening faces the ram direction and that the noise is correlated with the spacecraft chassis potential. The conjecture is that as the collimator is at +13.5 V with respect to the chassis, for chassis potentials less negative than −6 V, the collimator potential is at least +7. high potential on the detector. Others [5] have shown that some 10-eV ions exiting the collimator reach the detector.
We calculate potentials about DMSP and the resulting ionospheric currents entering the instrument to evaluate this conjecture. Most of this current is attracted to the interior walls of the instrument. However, if some interior surfaces are insulating and there is a potential barrier to electron collection, many of the incident ions are reflected into the collimator. In order to determine the current to the SSULI collimator with an approximately normal angle of incidence, we use a reverse trajectory technique that effectively integrates over the thermal distribution of the incident ions.
We find that if all the interior surfaces of the SSULI are insulating, including the interior of the sunshade, there is no electron barrier, and no measurable ram current enters the collimator. If all the interior surfaces are conducting and grounded, including the mirror surface, all the ram current is attracted to the mirror and the walls, and once more, no measurable ram current enters the collimator. However, if some interior surfaces are conducting and grounded, an electron barrier forms. In addition, if the mirror is isolated from ground and, therefore, at a positive potential, a significant fraction of the ram current enters the collimator at spacecraft chassis potentials from −14 V to more negative than −22 V. Whereas at less negative potentials, the current is still high enough to generate an observable noise, this dependence of noise on the chassis potential is different from that observed.
The measured resistance between the mirror surface and chassis ground for flight conditions is tens of megaohms [6] , which means that the mirror is neither grounded to the chassis nor completely isolated. As the chassis potential goes more negative and the plasma density increases, the mirror surface goes negative with respect to the plasma. The potential at which the mirror surface goes negative depends on the plasma density and the mirror orientation-dependent resistance. When the mirror is positive, it reflects ions into the collimator. When the mirror potential goes negative, it no longer reflects ions into the collimator. This dependence of noise on the chassis potential is consistent with observations.
II. GEOMETRIC MODEL OF DMSP
We used Nascap-2k [7] - [13] For these calculations, the only use of materials is to keep track of surfaces and to estimate surface potentials. Conducting surfaces are at spacecraft ground, and insulating surfaces are at a slightly negative potential at which the attenuated electron current equals the attracted ion current. In this model, there are 3109 surface elements and 2987 nodes. The average surface element size is on the order of 100 cm 2 . Edge lengths vary from slightly under 1 cm to slightly more than 40 cm.
The interior of the SSULI, which is shown in Fig. 4 , is represented by four materials. These four materials are listed as follows: 1) Shade, which represents the interior of the sunshade; 2) Mirror, which represents the scanning mirror; 3) Collimator, which represents the entrance to the collimator; and 4) Inside, which represents the interior walls between the collimator and the sunshade. As the opening of the collimator is a series of small surfaces at a fixed bias potential, it can be treated as a surface of fixed potential.
III. ENVIRONMENT
For an 830-km polar orbit, the IRI-90 model [14] , [15] gives a range of plasma densities from under 10 10 to over 10 11 m −3 , with an average near 4 × 10 10 m −3 . The ratio of hydrogen to oxygen varies from 1/40 to 40/1. The electron temperature varies from 0.075 to 0.27 eV, with an average near 0.2 eV.
The spacecraft velocity is 7.4 km/s in the −x-direction in the coordinate system defined by the geometric model. The kinetic energy of an oxygen ion at this velocity is 4.6 eV. The kinetic energy of a hydrogen ion at this velocity is 0.29 eV. The width of the ion energy distribution can be assumed to be near the electron temperature.
In plasma measurements made by the Special Sensor for Ions and Electrons (SSIES) [16] , which is also on DMSP F16, the total plasma density has a wide range of values, with the midrange value near 2 × 10 10 m −3 . The O + density values are generally, but not always, significantly higher than the H + and He + values. The chassis potentials measured by the SSIES typically range from 0 to −16 V, with excursions to more negative values. The spacecraft chassis is at a potential such that the net current to the spacecraft is zero. The primary sources of current from dense low-energy plasma, such as those found in low Earth orbit, are electron current attracted to the exposed positive-potential solar cell edges and interconnects and ion current incident on exposed conducting surfaces on the spacecraft body [17] .
In our calculations, we use a density of 2 × 10 10 m A first estimate of the ram current entering the SSULI is the ram current times the projection of the area of the opening in the ram direction. The exposed area, which is reduced from the actual area by both an angle factor and the shadow of the sunshade, is 0.0099 m 2 , which gives a ram current of 0.23 µA. The collimator entrance is not directly exposed to the ram, so any ram current that enters the collimator must be reflected by the mirror or other interior surfaces.
IV. GRID STRUCTURE
A spatial grid was constructed about the geometric model. The outer grid has a spacing of 0.5 m, with refinements down to 0.015625 m inside the SSULI. The grid is shown in Fig. 5 . 
V. POTENTIALS AND CURRENTS

A. Surface Potential Boundary Conditions
We used the following potential boundary conditions in our computations of the potentials in the space about DMSP: 1) Conductive materials are taken to be at the chassis potential.
2) The surface potential of insulating materials and ungrounded thermal blankets is slightly negative, generally under 1 V, depending on electron temperature, geometry, and orientation with respect to the ram direction. The calculations use a value of −1 V. The outer layer of these blankets is either Black Kapton or Teflon, and very few of the blankets are grounded. The ground tabs are tucked in and not attached to chassis ground [18] .
3) The exterior of the SSULI is covered with grounded Black Kapton thermal blankets. Black Kapton has a low conductivity that is probably not sufficient to conduct away the incident current of a low-Earth-orbit plasma. Even a grounded Black Kapton blanket is most likely at a slightly negative potential. As our information on the conductivity of Black Kapton is not definitive, one set of calculations was done with the grounded Black Kapton blankets around the SSULI taken to be at the chassis potential. 4) The opening of the collimator is a screen at +13.5 V with respect to the chassis. This is represented by a surface at +13.5 V with respect to the chassis potential. 5) The surfaces on the interior of the SSULI and on the interior of the sunshade are anodized aluminum. Moderately thick anodization layers form an insulating surface and are, therefore, expected to be at a slightly negative potential. If there is a potential barrier that makes it impossible for electrons to reach the surface, the equilibrium potential is +4.6 V, the potential at which the incident ram ion current is repelled. Thin anodization layers do not support differential potentials and are, therefore, at the potential of the underlying conductor, in this case at the chassis potential. Calculations were done for both assumptions. 6) The coating on the mirror is of a different material than other interior surfaces, and the mirror is not well grounded. Therefore, the surface of the mirror may be at a different potential than other interior surfaces. If the resistance between the mirror surface and chassis is large enough to support a differential potential, the mirror is an independent insulating surface. Assuming that approximately half of the ram current through the SSULI opening is incident on the mirror, at 2 × 10 10 m −3 , a resistance of 100 MΩ can support a differential potential of 10 V, and a resistance of 10 MΩ can support a differential potential of 1 V. 7) The sun-facing surfaces of the solar arrays are set to +20 V with respect to the chassis. This represents an average surface potential. The actual value is not important, as these surfaces are too distant from the SSULI to have any direct effect. The current collected by these surfaces is an important factor in setting the chassis floating potential.
B. Potentials in Space
We computed potentials in the space surrounding DMSP for chassis potentials from −6 to −22 V and various assumptions regarding the surfaces on the interior and exterior of the SSULI. Nascap-2k has several available models of charge density for use in solving Poisson's equation for potentials in space. These calculations were done using the following nonlinear analytic formula for the charge density as a function of the local plasma potential and electric field along with the Debye length and plasma temperature
This formula gives Debye screening at low potentials, accounts for space charge acceleration at high potentials, and includes a function C that enhances the charge density due to the convergence of the attracted species [19] .
Figs. 6-8 show results for the case with the chassis potential at −14 V, the mirror and other interior surfaces assumed insulating and, therefore, at −1 V, and the collimator at −0.5 V. Fig. 6 shows the potentials on a plane through the center of the SSULI, and Fig. 7 shows an expanded view of the same potentials.
Figs. 9 and 10 show results for the case with the chassis potential at −14 V, the interior other than the mirror assumed conducting and, therefore, at the chassis potential, the mirror at +4.6 V, and the collimator at −0.5 V.
C. Ion Trajectories From Sheath Boundary
Ion currents to surfaces of low Earth orbiting spacecraft are often computed by tracking macroparticles from a sheath edge. Fig. 8 shows sample ion trajectories from a sheath edge. The sheath edge is taken to be the surface of potential 0.139 V, which is ln(2) times the electron temperature. The view is the same as in Fig. 7 . Oxygen ions enter the instrument and hit the mirror and the interior of the sunshade. In order for these ions to be directly responsible for the noise observed, their trajectories must make a sharp turn and enter the collimator along its axis.
A different set of assumptions about the interior materials can give rise to trajectories that enter the collimator along its axis. Figs. 9 and 10 show results for the case with the chassis potential at −14 V, the interior other than the mirror assumed conducting and, therefore, at the chassis potential, the mirror at +4.6 V, and the collimator at −0.5 V. Electrons are excluded by the −11-V potential barrier within the sunshade seen in Fig. 9 ; thus, isolated surfaces in the interior region rapidly charge to a potential positive enough to repel the incident oxygen ions, i.e., +4.6 V. We assume that the surface of the mirror is insulating or poorly coupled to chassis ground, in which case, its surface potential rapidly reaches +4.6 V. In Fig. 10 , it can be seen that the oxygen ions are reflected by the mirror and impact the side.
D. Currents
The usual technique used to compute current to spacecraft surfaces in a dense plasma is to track macroparticles from the sheath edge. A limited number of macroparticles with average velocities are assigned current weights and tracked. This approach works well when the collected current is dominated by particles with velocity near the mean of the distribution function.
However, in this case, the ions normally incident to the collimator opening have original velocities that are far from the mean in both direction and magnitude. This dramatically reduces the accuracy of the calculation. Fig. 11 shows trajectories of oxygen ions with 4.3 eV total energy that reached the collimator with velocities within 20
• of normal incidence (reverse trajectories). Most of the 30 trajectories originate on the interior surfaces of the SSULI. The six trajectories that do not originate from these surfaces come from a wide range of angles and, thus, have original velocities far from the mean. (In general, trajectories that originate on surfaces are not physical particles.)
In order to determine the current approximately normally incident to the collimator opening, we need to perform reverse trajectory calculations and integrate over the thermal distribution of the incident ions.
The flux to a specific location at the collimator entrance within 20
• (π/9) of the normal is given by the following integral [20] :
where v, which is the velocity incident on the collimator entrance, is expressed in spherical coordinates (v, θ, φ) with respect to the surface normal, v ∞ is the velocity at infinity, and v o is the ram velocity. The exact range of azimuthal angles at which ions can enter and pass through the collimator and then reach the detector depends on the position and the axial angle.
A value of 20
• is used as an estimate pending detailed calculations. Portions of phase space for which v ∞ does not exist do not contribute to the integral. The v ∞ value corresponding to a v does not exist whenever the trajectory of the particle with incident velocity v does not connect with infinity, i.e., intersects the spacecraft. Energy conservation relates the magnitude of v ∞ to that of v as follows:
where V is the potential at the entrance to the collimator. The exponent includes a dot product and is, therefore, a function of the angle between the velocity vector at infinity and the ram vector, i.e.,
The cos ψ factor is a complicated function of v, and in practice, it can only be determined by tracking macroparticles. The approach that we use is to compute the ratio shown in (5), shown at the bottom of the page. The numerator is the flux incident on the collimator within 20
• of the surface normal. The denominator is the flux to a surface with normal opposite that of the actual collimator surface in the absence of other surfaces and potentials. The choice to normalize this expression with the flux to the reverse surface, which has the same phase space, was made on the basis of two considerations. First, while the collimator is facing toward the wake, under the conditions of interest, the current is closer to that of a ram-facing surface than to that of a wake-facing surface. Second, the flux to the reverse surface can be approximated by the ram current density, i.e., 23.7 µA · m −2 , times the cosine of the angle of the reverse surface normal with respect to the ram, which is 0.5 for 60
• .
Thus, we have (5).
This ratio is computed by generating and tracking a distribution of macroparticles with initial velocities evenly distributed in each of v, cos θ, and φ and with weight (v 3 dv dφ cos θ d cos θ). The ratio rather than the numerator is computed to avoid the necessity for normalization. The quantity
is then computed from the weights and final velocities. The macroparticles included in the numerator are those with initial θ values less than π/9 and which exit the problem space. In the denominator, all the macroparticles are unobstructed and travel in straight lines. The weight and final velocity are printed by the code, so the numerator is easily computed. The denominator is computed when the initial velocities are computed. To get the current into the collimator, this ratio is multiplied by the denominator of (5) times the surface area of 0.0092 m 2 . For example, if the ratio is 0.05, the current into the collimator is 5.5 nA, which is 3.4 × 10 10 ions/s. A full velocity distribution is generated at a distribution of points across the collimator surface in order to determine the ratio for the entire surface. Fig. 12 shows the results of calculations under various assumptions regarding the SSULI surface potentials. The calculations were done with 15 values in each of the two directions along the surface, 30 φ values, 18 cos θ values, and 11 speeds from 0 to three times the thermal speed plus the maximum of the ram speed and the speed of a ram ion accelerated by the collimator potential with respect to infinity.
From Fig. 12 , we can conclude that at chassis potentials more negative than −14 V, if electrons are excluded, a significant fraction of the ram current enters the collimator and that this fraction increases as the chassis potential drops from −14 to −22 V with respect to infinity. If all the interior surfaces are insulating, little ram current enters the collimator to the accuracy of the calculation.
VI. MIRROR SURFACE POTENTIAL
The calculations above do not account for any coupling of the mirror surface potential with the chassis potential. The potential of the surface of the mirror is the potential at which the incident ram current equals the current conducted to the chassis. If the potential of the surface of the mirror is well below the ram energy, negligible ions are repelled so that the current is now the ram current density times the exposed area. If the potential of the surface is well above the ram energy, nearly all the ions are repelled so that the current is nearly zero. The current to the mirror varies smoothly between these two limits with the width given by the temperature. For convenience, we use the following approximation:
where A is the area of the mirror exposed to the ram flow, j ram is the ram current density (env o ), and φ m is the mirror potential. This approximation, which is adequate for our purpose here, neglects any variation for potentials below the ram energy and takes a value of unity rather than one-half at the ram energy. The current conducted to the chassis is equal to
where φ chassis is the chassis potential, and R is the resistance between the mirror surface and the chassis. The exposed area (including angular factors) of the mirror in the Nascap-2k model is 0.00605 m 2 . Multiplying this by the ram current used in the calculations gives 0.14 µA. Thus, if the resistance R is equal to 7 MΩ, the ram current in the absence of electron current causes a potential difference between the mirror surface and the chassis of 1 V. Fig. 13 shows potentials of the mirror surface as a function of the chassis potential for this ram current and various resistance values. At 30 MΩ, the mirror potential is about 4 V positive of the chassis. When the mirror potential is positive, particularly above 4.6 V, some of the incident ion current is reflected into the collimator. At higher densities, for the same resistance, the chassis potential at which the mirror potential crosses zero is more negative. Therefore, at the higher plasma density, the range of chassis potentials at which current enters the collimator includes more negative potentials.
VII. DISCUSSION, CONCLUSION, AND RECOMMENDATIONS
Computing the current to the hidden entrance of the collimator by tracking macroparticles from the sheath edge proved unreasonable as the particles normally incident to the collimator have original velocities that are far from the mean in both direction and magnitude. The reverse trajectory technique efficiently provides definitive current densities to the surfaces hidden from the direct ram flux. The calculations support the conjecture that the ram ions are the source of the observed noise and confirm that the proposed remediation, which increases the collimator screen potential, will eliminate this source of noise.
The observed noise in the SSULI instrument, which occurs at chassis potentials from approximately −4 to −16 V, can be explained as a collection of ram ions along the light path. Two factors are necessary for this to occur. First, enough SSULI interior surfaces, such as the inside of the sunshade or the surfaces around the mirror, must be conducting and grounded to the chassis to form a barrier to the collection of electrons from the ionosphere. Second, the resistance between the mirror surface and the chassis must be on the order of tens of megaohms so that there is a difference in potential on the order of tens of volts between the mirror surface and the chassis for typical ionospheric plasma currents. The conductivity and grounding of the SSULI components affect these conditions in the following manner.
If the mirror surface is grounded to the chassis, no ions reflect off the mirror into the collimator and no noise due to collection of ram ions along the light path is generated in the detector.
Likewise, if all the interior surfaces (including the mirror) are isolated from the chassis, they are at a slightly negative potential and attract ions, and again, no ions reflect off the mirror into the collimator and no noise is generated. However, if the mirror surface is electrically isolated from the chassis while other interior surfaces are at chassis ground, the mirror surface is near +4.6 V, thereby reflecting ions, while the other surfaces are at ∼ −10 to −20 V, creating a barrier to electrons. It is these conditions that can result in ions passing along the light path to generate noise.
Assuming complete isolation of the mirror surface, calculations predict significant current entering the collimator for chassis potentials from −6 V to more negative than −20 V, whereas the noise occurs at chassis potentials between approximately −4 and −16 V. However, a finite resistance between the mirror surface and the chassis results in a densitydependent chassis potential below which no significant current is collected. Assuming total isolation of the mirror surface, calculations suggest that more than 1% of the ram current passes through the collimator opening for chassis potentials more negative than −11 V, and that fraction remains high for chassis potentials more negative than −20 V. By comparison, calculations assuming a mirror-surface-to-chassis resistance of 100 MΩ (in a 2 × 10 10 m −3 plasma) suggest a chassis voltage range from 0 to about −14 V over which the fraction reflected into the collimator remains high enough to create observable noise.
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